The tumour-promoting phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA) induces insulin secretion from isolated pancreatic islets, and this suggests a potential role for protein kinase C in the regulation of stimulus-secretion coupling in islets. In the present study, the hypothesis that the insulinotropic effect of TPA is mediated by activation of protein kinase C in pancreatic islets has been examined. TPA induced a gradual translocation of protein kinase C from the cytosol to a membrane-associated state which correlated with the gradual onset of insulin secretion. The pharmacologically inactive phorbol ester 4a-phorbol 12,13-didecanoate did not mimic this effect. TPA also induced a rapid time-dependent decline of total protein kinase C activity in islets and the appearance of a Ca2+-and phospholipid-independent protein kinase activity. Insulin secretion induced by TPA was completely suppressed (IC50 , 10 nM) by staurosporine, a potent protein kinase C inhibitor. Staurosporine also inhibited islet cytosolic protein kinase C activity at similar concentrations (IC50 ' 2 nM). In addition, staurosporine partially (-60 %) inhibited glucoseinduced insulin secretion at concentrations (IC50 10 nM) similar to those required to inhibit TPA-induced insulin secretion, suggesting that staurosporine may act at a step common to both mechanisms, possibly the activation of protein kinase C. However, stimulatory concentrations of glucose did not induce downregulation of translocation of protein kinase C, and the inhibition of glucose-induced insulin release by staurosporine was incomplete. Significant questions therefore remain unresolved as to the possible involvement of protein kinase C in glucose-induced insulin secretion.
INTRODUCTION
Protein kinase C is a Ca2l-and phospholipid-dependent protein kinase which is thought to participate in a wide variety of cellular activation processes (Kikkawa & Nishizuka, 1986; Nishizuka, 1986) . The role of protein kinase C in physiologically induced insulin secretion is, however, at present unresolved (for reviews, see Prentki & Matschinsky, 1987; Metz, 1988) . A number of studies have established that pancreatic islets contain protein kinase C activity (Tanigawa et al., 1982; Lord & Ashcroft, 1984; Hubinont et al., 1984) and a number of possible endogenous substrates have been suggested (Thams et al., 1984; Lord & Ashcroft, 1984; Dunlop & Larkins, 1986) . Recently, two independent studies have demonstrated that 1,2-diacyl-sn-glycerol, an endogenous activator of protein kinase C, accumulates in glucose-stimulated islets by virtue, probably, of synthesis de novo from glucose (PeterRiesch et al., 1988; Wolf et al., 1989) . Since the exposure of isolated islets to synthetic cell-permeable diacylglycerol (i.e. I -oleoyl-2-acetylglycerol) stimulates insulin secretion (Malaisse et al., 1985; Wolf et al., 1989) , it is attractive to postulate that secretagogue-induced activation of protein kinase C promotes insulin secretion.
Tumour-promoting phorbol esters (e.g. 12-0-tetradecanoylphorbol 13-acetate, TPA), are thought to be relatively specific activators of protein kinase C (Castagna et al., 1982) . These compounds bind at the diacyglycerol site on protein kinase C and thereby promote activation of the enzyme (Sharkey et al., 1984) . TPA has been reported to induce insulin secretion from isolated islets (Virji et al., 1978; Malaisse et al., 1980; Hii et al., 1986; Bozem et al., 1987) and insulinoma cells Wollheim et al., 1988) , and to activate islet protein kinase C in vitro (Hubinont et al., 1984) . The observation that TPA induces a slowly evolving but sustained secretory response from islets has been taken to imply that protein kinase C activation regulates the second phase of secretagogue-induced insulin secretion (Zawalich et al., 1983) . TPA has also been demonstrated to inhibit ATP-sensitive K+ channels in insulinoma cells and thereby to promote depolarization . The secretory response of permeabilized islets to Ca2" is also enhanced by TPA (Jones et al., 1985) . (Niedel & Blackshear, 1986; Blackshear, 1988) . We have assessed the ability of TPA to induce such a translocation of protein kinase C in islets. We have also examined the influence of the potent protein kinase C inhibitor staurosporine (Tamaoki et al., 1986) (McDaniel et al., 1983) . Islets were cultured overnight at 24 'C in tissue culture medium CMRL-1066 containing 5.5 mM-glucose, I %o Lglutamine, 10 % (w/v) heat-activated fetal bovine serum, 0.5 % penicillin and 0.5 % streptomycin under an atmosphere of air/CO2 (19: 1).
Incubation of islets
For translocation studies, isolated islets were washed three times in Krebs-Ringer/Hepes buffer (25 mM-Hepes (pH 7.4)/115 mM-NaCl/24 mM-NaHCO3/5 mM-KCl/ 2.5 mM-CaCl2/1 mM-MgCl2) containing 3 mM-glucose and 0.1 % BSA (basal medium), counted into siliconized borosilicate tubes (300-400/tube) and preincubated for 30 min at 37 'C in basal medium (300,ul) under an atmosphere of air/CO2 (19:1). The medium was then removed from each tube and replaced with basal medium supplemented with agonist (28 mM-glucose or 100 nM-TPA) prewarmed to 37 'C. The Samples (125, tl) were then centrifuged (Beckman airfuge for 10 min, 179-207 kPa). The supernatant (cytosolic fraction) was placed in fresh tubes, and the pellet (particulate fraction) was washed and then resuspended (using sonication) in homogenization medium (125,u) . Triton X-100 was added to cytosolic and particulate fractions (final concentration 0.1 %), and the samples were incubated on ice for 45-60 min prior to assay. Assay of protein kinase C activity Protein kinase C activity in cytosol (10, l) and particulate (10-30 ,ul) fractions was assayed by incorporation of [32P]P, from [y-32P]ATP into histone III-S at 30 'C. The total assay volume was 100 #I, and the assay medium contained 100 mM-Tes/NaOH (pH 7.4), 5 mM-MgCl2, I mM-EGTA, 400,ug of histone III-S/ml, with or without 1.3 mM-Ca2" (free Ca2+ concentration -300,uM), with or without 125 ,g of phosphatidylserine/ml, and with or without 1 ,2-diolein (when added, 2.4,tg/ml). After a preincubation period of 2 min, the reaction was initiated by the addition of 10 ,1 of TPA (100 nM) was found to induce insulin secretion in the presence of a basal concentration (3 mM) of glucose (Fig. Ia) . This insulinotropic effect of TPA was not mimicked by a pharmacologically inactive analogue of TPA (4a-PDD). The possibility that TPA-induced insulin secretion might be associated with translocation of protein kinase C was addressed by determining the activity of the enzyme in cytosolic and membrane fractions from TPA-stimulated islets. Protein kinase C activity was assessed as Ca2+-and phospholipid-dependent histone phosphorylating activity. In resting islets incubated in basal glucose medium (Krebs-Ringer/ Hepes buffer containing 3 mM-glucose and 0.1 % BSA), approx. 90-95 % of the total cellular protein kinase C activity was recovered in the cytosol fraction after the cells had been disrupted in buffer containing EGTA. As illustrated in Fig. I(b) , TPA (100 nM) induced a 5-fold increase in the proportion of the total cellular protein kinase C activity associated with the membrane fraction over the time period 0-30 min. This was accompanied by a loss of protein kinase C activity from the cytosol fraction (results not shown). It was noted that only 20-300 of protein kinase C activity lost from the cytosol appeared in the particulate fractions, indicating that proteolytic degradation of membrane-associated protein kinase C had occurred (see below). Protein (1983) . Islets were suspended in 500 ,ul of homogenization media (see the Materials and methods section) and disrupted with 13 strokes of a Teflon/glass homogenizer while standing on ice. The homogenate was centrifuged in a Beckman SW50.1 rotor at 135000 g for 60 min at 4 'C. The supernatant was assayed for protein kinase C in the absence and presence of staurosporine (0-1000 nM).
influence of staurosporine, a potent inhibitor of protein kinase C, on TPA-induced insulin secretion. As illustrated in Fig. 2 , staurosporine inhibited protein kinase C activity in islet cytosol in a concentrationdependent manner, with an IC50 value (concn. of inhibitor causing 500 inhibition) of approx. 2 nm. This is similar to the IC50 value of this compound for inhibition of protein kinase C activity in a variety of other tissues (Kiyoto et al., 1987) . Complete inhibition (95-100 %) of islet cytosolic protein kinase C activity was achieved at Islets (300-400/tube) were incubated in basal medium (Ol) or in basal medium containing TPA (100 nM) (@) or the inactive phorbol ester 4a-PDD (100 nM) (0). At the indicated times, the medium was removed and assayed for insulin content (a). The remaining islets were washed, sonicated and fractionated, and protein kinase C activity associated with particulate and cytosol fractions was determined (b).
Vol. 264 sporine Islets (20/tube) were preincubated for 30 min at 37°C in basal medium (3 mM-glucose, no BSA) in the absence or presence of staurosporine (0-1000 nM). Subsequently, islets were stimulated with TPA (100 nM) (M) in the presence of various concentrations of staurosporine (0-1000 nM). After 30 min, the medium was removed from the islets and assayed for insulin content. staurosporine concentrations above 100 nM. Staurosporine also inhibited TPA-induced insulin secretion in a concentration-dependent manner (Fig. 3) . Half-maximal inhibition of insulin secretion was achieved at a staurosporine concentration of about 10 nm. Complete inhibition was achieved at concentrations above 100 nM.
The staurosporine concentrations required to inhibit TPA-induced insulin secretion are therefore similar to those required to inhibit islet cytosolic protein kinase C activity in titro (compare Fig. 3 with Fig. 2) . TPA-induced down-regulation of protein kinase C Although TPA initially activates protein kinase C, numerous studies have demonstrated that prolonged stimulation of many cell types with TPA induces a timedependent decrement in the total cellular protein kinase C activity (Kikkawa & Nishizuka, 1986; Niedel & Blackshear, 1986) . During the course of the experiments described above on TPA-induced translocation of protein kinase C, it was observed that TPA also induced an apparent disappearance (down-regulation) of total islet protein kinase C activity with time. Under basal conditions (i.e. Krebs-Ringer/Hepes buffer containing 3 mM-glucose and 0.1/% BSA), total measurable islet protein kinase C activity decreased by 35 O' after 30 min in the absence of any stimulus (Fig. 4a) . Stimulation of islets with TPA (100 nM) greatly accelerated the spontaneous loss of protein kinase C activity. During 30 min of incubation with TPA, more than 65 %' of the total islet protein kinase C activity was lost. This TPA-induced decline in islet protein kinase C activity was accompanied by the appearance of a Cal'-and phospholipid-independent protein kinase activity (Fig. 4b) . This latter effect was not observed in experiments in which cytosol and particulate fractions were separated (i.e. Figs. I and 6), indicating that this proteolytically derived species may be unstable during centrifugation. Glucose-induced insulin secretion and protein kinase C In view of the ability of staurosporine to inhibit TPAinduced insulin secretion, it was of interest to examine the effect of this inhibitor on glucose-induced insulin .,s,
at staurosporine concentrations of approx. 10 nM in both cases. Although staurosporine completely suppressed TPA-induced insulin secretion, glucose-induced secretion was inhibited by only 600 by maximally effective concentrations of staurosporine. Glucose-induced insulin secretion is therefore mediated in part by staurosporineinsensitive mechanisms. Glucose-induced insulin secretion was also markedly inhibited (IC50 -2 ,UM) by another protein kinase C inhibitor, K252a (Kase et al., 1986) . Basal insulin secretion was not affected by staurosporine (100 nM) or K252a (100 nM) (results not shown). As illustrated in Fig. 6 , however, stimulation of islets with glucose (28 mM) did not induce the translocation of protein kinase C to a membrane-associated state under conditions in which TPA induced a marked effect. Furthermore, glucose at a concentration which maximally stimulates insulin secretion was not observed to accelerate the spontaneous decline in total islet protein kinase C activity (Fig. 4a) or to induce the appearance of Ca2+-and phospholipid-independent protein kinase C activity (Fig. 4b) . Thus glucose (28 mM) did not mimic the effects of TPA on translocation or down-regulation of protein kinase C activity. by its interaction with cellular membranes, and agonistinduced translocation of protein kinase C from the orine suppressed glucose (16.5 mM)-cytosol to a membrane-associated state is often observed retion in a concentration-dependent in stimulated cells (Niedel & Blackshear, 1986; Thomas Moreover, the concentrations of et al., 1987) . In the present study, we have demonstrated red to inhibit glucose-induced insulin that TPA induces translocation of protein kinase C ntially identical to those required to activity from cytosol to membrane fractions of isolated d insulin secretion (Fig. 5, cf. Fig. 3 (min) to result in the loss of protein kinase C enzymic activity (Hii et al., 1987) . The present study indicates that the iulatory concentrations of glucose on trans-TPA-induced decline in total islet protein kinase C ac-)tein kinase C (Lee & Bell, 1986 TPA-induced insulin secretion could also be completely suppressed by the protein kinase C inhibitor staurosporine. That this effect of staurosporine is attributable to inhibition of protein kinase C in islets is indicated by the similar concentration-dependence of inhibition of insulin secretion and of inhibition of islet cytosolic protein kinase C activity in vitro. The sum of the observations with TPA therefore strongly supports the hypothesis that the insulinotropic action of TPA is mediated by activation of islet protein kinase C.
The predominant physiological regulator of insulin secretion is D-glucose. The role of protein kinase C in glucose-induced insulin secretion is at present unresolved. In the present study, the protein kinase C inhibitor staurosporine was observed to profoundly inhibit insulin secretion induced by glucose in a manner very similar to the inhibition of TPA-induced insulin secretion. The observation that the concentration-dependence of inhibition of glucose-induced insulin secretion by staurosporine is virtually identical to that for inhibition of TPA-induced insulin secretion by staurosporine suggests that this inhibitor acts at a step shared by both secretory processes. Activation of protein kinase C could be this step. The possibility that staurosporine inhibits enzymes other than protein kinase C which participate in insulin secretion cannot, however, be excluded. A role for protein kinase C in insulin secretion is further supported by the observation that a second inhibitor of protein kinase C, K252a (Kase et al., 1986) , also suppressed glucose-induced insulin secretion with an appropriate IC50 value (2,aM). However, it was noted that while staurosporine totally prevents TPA-induced insulin secretion, glucose-induced insulin secretion was only partially (-60 %) inhibited at maximally effective concentrations. These data suggest that protein kinase C may not be a fundamental component of the secretory processes but rather may serve as a modulator of these processes.
In contrast with TPA, glucose was not observed to induce the translocation of islet protein kinase C to a membrane-associated state, as assessed by protein kinase C activity measurements in membrane and cytosol fractions. Glucose (28 mM) also did not mimic TPA in inducing down-regulation of protein kinase C. The possibility exists, however, that stimulation of islets with glucose results in an activation of protein kinase C that cannot be detected with our present assay for translocation of enzyme activity. For example, it is possible that translocation may occur in intact islets in response to glucose but that this effect cannot be preserved during disruption and fractionation procedures owing to the transience of physiological signals which induce translocation, such as diacylglycerol accumulation or elevation of the intracellular Ca2I concentration (May et (Nishizuka, 1988) or for which histone III-S is a poor substrate (Cochet et al., 1986; Ramsdell et al., 1986; Cooper et al., 1987) . However, it is yet to be determined whether islets contain several isoenzymic forms of protein kinase C. Consequently, a full assessment of the involvement of protein kinase C in glucoseinduced insulin secretion requires the development of additional techniques capable of addressing these questions.
